We report a facile and general strategy for the preparation of metallic monolithic catalysts. Our strategy involved subjecting the surfaces of FeCrAl fibers to thermal treatment and the spraying of Pt nanoparticles suspension liquid. The catalyst exhibited high catalytic activity and good stability in the combustion of volatile organic compounds to CO 2 and H 2 O at mild temperature. The exceptional activity of the catalyst can be attributed to the well-adhered alumina coating that formed on the surfaces of the FeCrAl fibers after thermal treatment and the highly dispersed Pt nanoparticles on the surface of the alumina coating.
Introduction
As one of the major components of air pollution, volatile organic compounds (VOCs) are both precursors of ozone and photochemical smog and substances that are toxic to human health.
1-4 One of the most effective and economically feasible VOC removal technologies is catalytic combustion because catalytic oxidation leads to degradation of VOCs to CO 2 and H 2 O and it is suitable for operation with dilute VOC effluent streams (<1% VOCs).
5-8 Monolithic catalysts are widely used in catalytic combustion due to their good attrition resistance and very low pressure drop even under high ow rate. Monoliths are commonly composed of ceramics or metallic materials.
9,10
Metallic materials exhibit higher thermal conductivity and mechanical resistance, better electrical conductivity, and lower manufacturing costs than ceramic materials. 11, 12 Given these advantages, the application of metallic substrates as catalyst supports is becoming increasingly common. [13] [14] [15] Monolithic catalysts are prepared through electrophoretic deposition, 16 anodisation, 17 or steam-only oxidation. 18 Lu et al. reported a facile, versatile, and cost-effective one-step route for the fabrication of a composite system of hierarchically structured AlOOH 2D-nanosheets on a paper-like 3D network based on Albers. Their method is aided by the steam-only oxidation of Al. The Al-ber@ns-AlOOH@Pd catalyst presents high intrinsic activity for the oxidative coupling of CO to DMO. 19 However, several important issues in the fabrication of metallic monolithic catalysts for VOC combustion remain unresolved. These issues include (1) the process complexity and poor adhesion of conventional wash-coating methods [20] [21] [22] [23] and (2) the limitation of active component loading due to the shape of the carrier. The preparation ow of the metallic monolithic catalyst is cumbersome: the active species is loaded through impregnation or through a slurry, which is prepared from a powder catalyst and directly coated on the surface of a metallic substrate; then, the monolithic catalyst is obtained through activation treatment. Existing methods for the fabrication of metallic monolithic catalysts require complex and enormous effort to load the active species on the catalyst supports. Nevertheless, active noble metal nanoparticles (NPs) prepared in liquid form can be randomly loaded through a simple spraying method. Moreover, the deactivated catalyst will not require replacement because it can be reactivated through respraying. This method is very economic and convenient, and it can save raw material costs.
Herein, we synthesized Pt NPs dispersion suspension via solvent-thermal method.
24-26 A well-adhered alumina coating formed on the surface of FeCrAl bers aer thermal treatment at 950 C in O 2 atmosphere and active NPs were loaded on FeCrAl bers through simple spraying. Pt NPs were highly dispersed on the surface of the metallic substrate with a monomolecular membrane structure and were rmly bonded on the metallic substrate aer calcination (Fig. 1) . We evaluated the catalytic performance of the as-synthesized catalyst in the catalytic combustion of toluene, which was used as a model VOC. Our catalyst can exhibit activity toward other VOCs and may enable the signicant advancement of VOC removal technologies.
Experimental section

Catalyst preparation
Dinitrodiammineplatinum ammoniacal (DPA, 34.6 mg) was mixed with 3 mL oleyl amine (OA) and 2 mL oleic acid (OC) in a three-necked ask equipped with a condenser and a stir bar, followed by heating and holding at 200 C for 3 h under owing N 2 atmosphere. The particles thus formed were puried by precipitation in ethanol, centrifuged (6000 rpm, 5 min), washed with ethanol, and re-dispersed in 10 mL n-hexane. The FeCrAl ber ($1.3 mm in thickness) consisting of 7% Al and 85 vol% voids was utilized as the substrate, which was taken from Kunshan Fangdou Net-structured Material Co. Ltd. (China). The FeCrAl ber was machined to 6 circular chips (15 mm in diameter, about 2.0 g). Then, FeCrAl ber was immersed in acetone, 10 wt% NaOH, and 10 wt% HNO 3 with ultrasonic treatment for 30 min, in sequence. Subsequently, FeCrAl ber was calcined in O 2 atmosphere at 950 C for 3 h. A ready-made Pt nanoparticles dispersion liquid was supported on FeCrAl ber by spraying; then, the monolithic catalyst was dried at 110 C for 2 h and calcined at 500 C for 5 h. The loading of Pt was 0.1 wt% (it refers to theoretical value), the monolithic catalyst is denoted as 0.1Pt/FeCrAl ber.
Catalyst characterization
Transmission electron microscopy (TEM) images were taken on a Tecnai G2 F30 S-Twin (Philips-FEI, Netherlands) transmission electron microscope at acceleration voltage of 200 kV. The samples were dispersed in ethanol assisted by an ultrasonic technique. Scanning electron microscopy (SEM) and energydispersive X-ray spectroscopy (EDS) analysis were performed on a Hitachi-SU8010 SEM with acceleration voltage of 5 kV for imaging and 15 kV for EDS collection. The X-ray diffraction (XRD) patterns were recorded on an X'pert PRO diffractometer (PAN-alytical, Netherlands) using Cu K a radiation at a generator voltage of 40 kV and tube current of 40 mA. The samples were scanned in the 2q range of 10-80 with scanning speed of 0.02 s À1 . Diffraction peaks were compared with the standard Joint
Committee on Powder Diffraction Standards (JCPDS) database reported by the International Centre for Diffraction Data (ICDD). The adhesion of samples was evaluated using ultrasound tests by immersing the samples in water and applying ultrasound for 1 h. Aer the samples were dried at 110 C for 2 h and calcined at 500 C for 2 h, the weight loss was measured.
Catalytic activity measurement
The activities of catalysts were tested for VOC catalytic combustion in a xed-bed stainless steel tubular reactor (internal diameter 16 mm and length 350 mm). In each test run, circular chips of the metallic monolithic catalyst were packed layer-by-layer into the stainless steel tubular reactor, while a Ktype thermocouple was placed in the middle of the reactor. For this experiment, we used 2.0 g of catalyst with a total ow rate of the feed stream at 347 mL min À1 , providing a space velocity of 10 000 mL h À1 g À1 . The feed stream containing 2500 ppm VOCs was generated by bubbling air through a saturator containing pure VOCs chilled in an ice-water isothermal bath, and then diluted with another air stream by the mass ow controller. The concentration of VOCs at the outlet of the reactor was monitored with a gas chromatograph (Kexiao, GC1620) equipped with a ame ionization detector (FID). The concentration of the oxidative product (CO 2 ) was monitored with a mass spectrograph (MKS Cirrus 2). The removal of VOCs was calculated on the basis of the VOCs consumption. The removal efficiency of VOCs was calculated using the following equation: 
Results and discussion
3.1 TEM characterization Fig. 2 shows TEM images of the Pt NPs, which appear spherical in shape with low aggregation and narrow size distribution.
29,30
The average sizes of Pt NPs were in the range of 2-4 nm. The monodispersed structure of Pt NPs promoted their dispersal in liquid. Simple spraying was used to randomly load the active species in the VOCs purication system. In addition, the Pt NPs dispersion liquid was extremely stable. It could be stored for 10-30 days without delamination and sol destruction. The storage behavior of the Pt NPs dispersion liquid indicated that it could be continuously used for long periods without changing (Fig. 3) . Furthermore, this method is generally applicable and could be easily applied with the dip-coating method. Notably, the low Pt content required for catalyst loading decreased the cost.
SEM characterization
To promote anchoring of the coating to the metallic substrate and to increase the exposed area of the catalyst, FeCrAl ber was thermally treated at 950 C for 3 h in O 2 atmosphere. To conrm that the applied thermal treatments enabled the formation of a uniform rough surface on the FeCrAl ber, the morphology and composition of the bers were studied. Fig. 4 and Table 1 show SEM micrographs and EDS analyses of the surfaces of the untreated and treated FeCrAl bers. SEM micrographs of the untreated FeCrAl ber are shown in Fig. 4a . The untreated FeCrAl ber exhibited slightly cracked smooth surfaces. Additionally, the mass percentages of the elements (Fe, Cr and Al) reported by EDS analysis were similar to those reported by the manufacturers. Fig. 4b shows SEM micrographs of the treated (calcined at 950 C for 3 h in O 2 atmosphere) FeCrAl ber, which showed the growth of uniformly roughened surfaces. 22 Given that the bulk aluminum had a high chemical potential and was likely to be oxidized by oxygen, it easily migrated from the bulk to the surface and reacted with oxygen to form alumina whiskers. [31] [32] [33] In addition, the EDS analysis results of the thermally treated bers indicated signicant changes to the mass percentages of each element. Clearly, the percentages of Al and O increased, while that of Fe decreased because of the formation of the alumina layer by thermal treatment. 34, 35 The welladhered alumina coating promoted rm bonding of the active species to the metallic substrate. SEM micrographs of the monolithic catalyst are presented in Fig. 4c . The images show that the Pt catalyst formed a homogeneous surface on the whiskers or pores. The addition of Pt to the FeCrAl ber was supported by the percentages reported by EDS analysis, which detected Pt content of approximately 13%. This nding indicated that thermal treatment increased the exposed area of the FeCrAl ber. This effect ensured catalytic activity by promoting the even dispersion of NPs. Moreover, ultrasound tests were conducted to conrm adherence between the wash-coated and active phases. The total weight losses of the samples were only 0.9 and 0.6 wt%. These results indicated excellent adhesion between the wash-coated and active phases.
XRD characterization
The crystal phases of samples were identied by XRD. Fig. 5 shows the diffraction patterns of FeCrAl ber before and aer the treatments. XRD patterns of untreated FeCrAl ber conrmed the presence of Fe-Cr alloys of ferrite type (PDF 54-0331). However, no diffraction peaks of Al were detected because the content of Al is very low. Aer calcination treatment at 950 C, the formation of the crystalline phase Fe 2 AlCr (PDF 54-0387) was found. This indicated that the percentage of Al increased aer calcination; as conrmed from EDS analysis. Moreover, no diffraction peaks of alumina were detected, indicating high dispersion of the alumina layer. It should be noted that no Pt XRD peaks were observed for the 0.1Pt/FeCrAl ber catalyst, indicating the feature of highly dispersed Pt. Indeed, the TEM image clearly shows that Pt is highly dispersed with average particle size of only 2-4 nm.
Activity test
The catalytic activities of the samples in toluene combustion were tested under the base condition of toluene inlet concentration of 2500 ppm and WHSV of 10 000 mL h À1 g À1 ; the results are presented in Fig. 6a . In the blank experiment (without Pt), no distinct toluene conversion was detected below 300 C and gas chromatography (GC) detected the presence of other organic compounds in the gaseous product. These results indicated that the direct thermal oxidation of toluene under test conditions and in the absence of active species is negligible. 36 In contrast, the 0.1Pt/FeCrAl ber catalyst achieved complete toluene conversion (>99%) at temperatures exceeding 280 C.
This result, in addition to SEM and TEM observations, indicated that catalytic activity improved with the formation of a welladhered alumina coating on the surfaces of the FeCrAl ber through thermal treatment and that 2-4 nm Pt NPs were highly dispersed on the surfaces of the alumina coating. In addition, mass spectroscopy (MS) results showed that the catalyst had nearly 100% selectivity for CO 2 at a temperature of 280 C (Fig. 6b) . The ignition curves could be represented either by following the decrease in the toluene signal or by following the increase in CO 2 signal. 11 Furthermore, on-line MS did not detect CO during the reaction. This result indicated that our catalyst has high selectivity for CO 2 .
Stability test
To examine stability of the catalyst, we performed on-stream toluene combustion at 280 C and WHSV of 10 000 mL h À1 g À1 . The results are shown in Fig. 7 . Clearly, the conversion rate of toluene was maintained at 100% and catalytic activity did not decrease during 600 min of on-stream reaction. This result suggested that the catalyst has excellent stability and can be applied in the industrial combustion of VOCs.
Applicability test
VOCs include alkanes, alcohols, ketones, esters and nitrogencontaining compounds. 7, 37 To conrm that the catalyst can be applied in the catalytic combustion of other VOCs, we tested the activities of the catalyst in the combustion of ethyl acetate, acetone, n-hexane, isopropyl alcohol (IPA) and N,Ndimethylformamide (DMF). The catalytic performance of 0.1Pt/ FeCrAl ber in VOC combustion is shown in Fig. 8 . The temperatures for VOC conversion over 0.1Pt/FeCrAl ber catalyst for 10% (T 10 ), 50% (T 50 ) and 90% (T 90 ) of total conversion are summarized in Table 2 . We conclude that the catalytic activities of our catalyst for VOC combustion are hydrocarbon (nitrogen) > oxygenated compounds because hydrocarbon VOCs were strongly absorbed on the Pt catalyst and were quickly activated. These behaviors are similar to those reported in the literature. 7, 38 In addition, it can be illustrated that our catalyst can be applied to the catalytic combustion of different types of VOCs.
Effect of space velocity
Space velocity is an important parameter for the practical application of catalysts.
39 To achieve high VOC combustion efficiency a high space velocity is required for catalysts. 36 Hence, the catalytic behavior of the 0.1Pt/FeCrAl ber in the catalytic combustion of toluene under three different WHSV values was tested (Fig. 9) . 40 Increasing the WHSV values decreased the toluene conversion at the same reaction temperature. This result may be attributed to the shortened residence time of toluene in the catalyst bed at high WHSV. Nevertheless, the result suggested that the catalyst could be used to catalyze the conversion of high VOC uxes. Thus, our catalyst has considerable application potential in the environmental catalysis eld.
Conclusions
Highly dispersed Pt NPs dispersion liquid was prepared via the solvent-thermal method. A well-adhered alumina layer was formed on the surfaces of FeCrAl bers through thermal treatment. Then, the supported catalyst was fabricated by simply spraying the dispersion liquid on the FeCrAl bers. Active species were randomly loaded on the surfaces of FeCrAl bers by spraying. In addition, the catalyst with Pt loading of 0.1 wt% delivered 100% toluene conversion and high CO 2 selectivity at the space velocity of 10 000 mL h À1 g À1 . Moreover, the catalyst was stable for at least 600 min without deactivation. The intrinsic activity of the catalyst is intimately related to the high dispersion of 2-4 nm Pt NPs on the surfaces of the alumina coating. Furthermore, we believe that this strategy will provide a new route for the preparation and application of environmental metallic monolithic catalysts.
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